The number of N-linked glycosylation sites in the globular head of hemagglutinin (HA) has increased during evolution of H3N2 human influenza A virus. Here natural selection operating on the gains of N-linked glycosylation sites was examined by using the single-site analysis and the single-substitution analysis. In the single-site analysis, positive selection was not inferred at the amino acid sites where the substitutions generating N-linked glycosylation sites were observed, but was detected at antigenic sites. In contrast, in the single-substitution analysis, positive selection was detected for the amino acid substitutions generating Nlinked glycosylation sites. The single-site analysis and the single-substitution analysis appeared to be suitable for detecting recurrent and episodic natural selection, respectively. The gains of N-linked glycosylation sites were likely to be positively selected for the function of shielding antigenic sites from immune responses. At the antigenic sites, positive selection appeared to have operated not only on the radical substitution but also on the conservative substitution in terms of the charge of amino acids, suggesting that the antigenic drift is not a byproduct of the evolution of receptor binding avidity in HA of human H3N2 virus.
INTRODUCTION
Influenza A virus is classified as the genus Influenzavirus A in the family Orthomyxoviridae (Carstens, 2010) . The genome of this virus is an eight-segmented and negativestranded RNA, encoding envelope glycoproteins, matrix proteins, nonstructural proteins, nucleoproteins, and polymerase subunits. The envelope glycoproteins include hemagglutinin (HA) and neuraminidase (NA), with HA existing 4-5 times more abundantly than NA in virions. According to the antigenicity of HA and NA, influenza A virus is classified into subtypes H1-H16 and N1-N9, respectively (World Health Organization, 1980) . Influenza A virus is an etiological agent of influenza (Shope, 1931) . Genomic sequence data of this virus are available for the strains circulating since 1918. In the human population, H1N1 virus circulated in 1918-1956, followed by H2N2 virus in 1957-1967 . Subsequently, H3H2 virus has been circulating in 1968-present. In addition, H1N1 virus closely related to that observed in early 1950s reappeared in 1977 and circulated thereafter, and another H1N1 virus (A(H1N1)pdm09) emerged in 2009 (World Health Organization, 2011) . A(H1N1)pdm09 virus has been circulating as the predominant H1N1 virus in 2009-present. HA is a homotrimeric type I transmembrane glycoprotein. The HA gene encodes HA0, consisting of a signal peptide (amino acid sites [-16 ]-[-1] in H3N2 virus), HA1 (1-328), and HA2 (330-550) (Skehel and Wiley, 2000) . Signal peptide directs the co-translational transport of HA into the endoplasmic reticulum (ER). HA1 is the sialic acid receptor-binding protein and the major target of humoral immunity. HA2 is an anchor protein to the envelope and mediates fusion of the envelope and the endosomal membrane.
The ectodomain of HA is composed of the globular head (amino acid sites 58-272 of HA1) and the fibrous stem (1-57 and 273-328 of HA1 and 330-514 of HA2) (Wilson et al., 1981) . Antigenic sites are distributed in the globular head, constituting 5 epitopes (A-E) in H3N2 virus (Suzuki, 2004b) . In the ectodomain, asparagine [N] of the sequon, which is defined as the sequence of N, any amino acid except for proline [P] , and serine [S] or threoEdited by Fumio Tajima * Corresponding author. E-mail: yossuzuk@nsc.nagoya-cu.ac.jp nine [T] , mostly serves as an N-linked glycosylation site, where high-mannose or complex oligosaccharide is attached with various forms (Hebert et al., 1997; Schulze, 1997; Daniels et al., 2003; Abe et al., 2004; Blackburne et al., 2008; Das et al., 2010) . O-linked glycosylation has not been reported for influenza A virus.
The N-linked glycan is involved in the folding of ectodomain in the ER lumen by binding to lectin chaperones (Hebert et al., 1997; Daniels et al., 2003; Cui et al., 2009) . N-linked glycans in the fibrous stem are involved in the fusion activity of HA. In the globular head, Nlinked glycosylation sites usually overlap with antigenic sites. N-linked glycans may be involved in shielding of antigenic sites from binding by antibodies (Skehel et al., 1984; Tsuchiya et al., 2002; Das et al., 2010; Wei et al., 2010; Wanzeck et al., 2011) and major histocompatibility complex (Jackson et al., 1994) , interference with proteolytic activity of HA, and recognition by collectins for neutralization (Vigerust et al., 2007) . In addition, structural complexity of N-linked glycans is positively and negatively correlated with HA-receptor binding specificity and affinity, respectively (Tsuchiya et al., 2002; Wang et al., 2009; de Vries et al., 2010) .
N-linked glycosylation sites in the fibrous stem are usually conserved among influenza A viruses (Sun et al., 2011) . However, in the globular head of H1N1 virus, the number of N-linked glycosylation sites, which was 1 in 1918, increased up to 6 and is 4 at present (Igarashi et al., 2008; Das et al., 2010; Sun et al., 2011) . Although the number of N-linked glycosylation sites remained 1 in 1957-1967 for H2N2 virus (Tsuchiya et al., 2001 (Tsuchiya et al., , 2002 Abe et al., 2004) , the number increased from 2 to 6 or 7 in 1968-present for H3N2 virus (Abe et al., 2004) .
It was unclear whether the increase in the number of N-linked glycosylation sites observed in human H1N1 and H3N2 viruses was due to neutral evolution (Zhang et al., 2004) or positive selection. In general, the number of N-linked glycosylation sites is negatively correlated with the GC-content, because N, which is included in the sequon, is encoded by GC-poor (AAY) codons and P, which is not included in the sequon, is encoded by GC-rich (CCN) codons (Cui et al., 2009) . Although the GCcontent of influenza A virus has decreased in humans because of mutation bias (Rabadan et al., 2006) and natural selection against CpG dinucleotides (Greenbaum et al., 2008) , the observed increase in the number of N-linked glycosylation sites appeared to exceed the expectation from the decrease in the GC-content (Cui et al., 2009 ).
In the phylogenetic tree for HA of H3N2 virus, it was observed that the gain/loss ratio of N-linked glycosylation sites was greater in the branches more proximal to the root (i.e., trunk branches > non-trunk interior branches > non-trunk exterior branches) (Cherry et al., 2009) . From this observation, positive selection was inferred for gains of N-linked glycosylation sites. However, since the occurrences of gains and losses are interdependent (e.g., N-linked glycosylation sites should be gained in proximal branches to be lost in distal branches), the null hypothesis of the equal gain/loss ratio for proximal and distal branches without positive selection may not hold.
Positive selection was also inferred for the amino acid substitutions generating N-linked glycosylation sites by DEPS, which is the method for detecting directional evolution of protein sequences (Kosakovsky Pond et al., 2008) . In this method, asymmetrical substitution rates between pairs of amino acids are identified at each site, assuming that the pattern of substitution is the same at all sites without positive selection, which appears to be unrealistic. For detecting asymmetrical substitution rates, it is required that a number of substitutions occurred between pairs of amino acids at single sites. DEPS has been reported to produce many falsepositives (Nozawa et al., 2009) .
The purpose of the present study was to examine natural selection operating on the gains of N-linked glycosylation sites in the globular head of HA during evolution of human H3N2 virus by using the single-site analysis and the single-substitution analysis. The human H3N2 virus was analyzed because of the clinical importance as currently circulating in the human population, and of the availability of sequence data containing a sufficiently large amount of genetic variation for the statistical analysis.
MATERIALS AND METHODS
Sequence data A total of 3,206 nucleotide sequences for the entire protein-coding region of HA for human H3N2 virus, excluding laboratory and vaccine strains, were retrieved from the Influenza Virus Resource at the National Center for Biotechnology Information (Bao et al., 2008) as of May 19, 2011. After eliminating sequences for the same strains as others, sequences identical to others, sequences derived from incidental human infections of swine strains, and sequences with minor gaps, ambiguous nucleotides, and premature termination codons, 2,043 sequences were used in the following analysis. A sequence from duck H3N8 virus was added as the outgroup to identify the position of the root for the phylogenetic tree of human sequences. Each sequence consisted of 1,688 nucleotide sites.
Phylogenetic analysis Multiple alignment of 2,044 human and duck sequences was made by using the computer program MAFFT (version 6.853b) (Katoh et al., 2002) , which did not contain any gaps. Phylogenetic trees were constructed by the neighbor-joining method (Saitou and Nei, 1987) with the p distance (Nei and Kumar, 2000) and the maximum composite likelihood (MCL) distance (Tamura et al., 2004) , which are known to produce reliable phylogenetic trees when a large num-ber of closely related sequences is analyzed, using MEGA (version 5.05) (Tamura et al., 2011) . The nucleotide sequence at each interior node of the phylogenetic tree was inferred by the maximum parsimony method (Fitch, 1971; Hartigan, 1973) using PAML (version 4.4b) (Yang, 2007) .
Single-site analysis of natural selection: d N -d S test Natural selection operating at the amino acid sequence level can be detected by comparing the rates of synonymous (r S ) and nonsynonymous (r N ) substitutions under the assumption that synonymous mutations are neutral or nearly neutral; the relationships r S < r N , r S > r N , and r S = r N indicate positive, negative, and no selection, respectively (Kimura, 1977; Hughes and Nei, 1988) . Nonsynonymous substitutions may be divided into conservative and radical substitutions according to whether they retain or alter a property of amino acids, respectively. If charge is considered, conservative and radical substitutions may be defined as nonsynonymous substitutions within and between charge categories (Hughes et al., 1990) (Arinaminpathy and Grenfell, 2010) . Natural selection operating on conservative and radical substitutions can be detected separately by comparing the rates of these substitutions with r S , in a similar manner to the comparison of r S and r N (Hughes et al., 1990; Suzuki, 2007) .
For examining natural selection at single amino acid sites of HA, the numbers of synonymous and nonsynonymous differences and sites were computed at single codon sites for each branch of the phylogenetic tree by comparing the nucleotide sequences at the ancestral and descendant nodes (Suzuki and Gojobori, 1999) . Here the transition/transversion rate ratio of nucleotide mutation (κ) was required for computing the numbers of synonymous and nonsynonymous sites. Using the ratio of the transitional/transversional nucleotide diversity at 96 four-fold degenerate sites of 2,043 human sequences, κ was estimated to be 4.057. Therefore, κ was assumed to be 4 in the computation. For each codon site, the numbers of synonymous and nonsynonymous differences were summed and the numbers of synonymous and nonsynonymous sites were averaged with the weight proportional to the branch length over all branches of the phylogenetic tree, to obtain the total numbers of synonymous (c S ) and nonsynonymous (c N ) differences and the average numbers of synonymous (s S ) and nonsynonymous (s N ) sites (Suzuki and Gojobori, 1999; Suzuki, 2004a) . Although multiple substitutions were not corrected in this method, the degree of underestimation for c S and c N appeared to be negligible for the data set analyzed in the present study, because the branch lengths were generally very small (Saitou, 1989) . The total numbers of synonymous (d S ) and nonsynonymous (d N ) substitutions over the phylogenetic tree were computed as c S /s S and c N /s N , respectively. The r N /r S value was estimated as d N /d S , and the null hypothesis of no selection (d S = d N ) was tested by computing the probability (p) of obtaining the observed or more biased values for c S and c N , which were assumed to follow a binomial distribution with the probabilities of occurrence of synonymous and nonsynonymous substitutions given by s S /(s S + s N ) and s N /(s S + s N ), respectively.
When the test is conducted for multiple codon sites, it is necessary to correct for multiple testing. In the Bonferroni correction, the family-wise significance level (α = 0.05 in the present study) is divided by the number (n) of tests to obtain the corrected significance level (α c ) for individual tests. In this approach, α c may become unrealistically small when n is large. It should be noted, however, that a number of nucleotide differences (c S + c N ) is required for detecting a significant difference between d S and d N at a codon site. For example, if s S = 1 and s N = 2 with α c = 0.05, at least 9 (c S = 0 and c N = 9) and 3 (c S = 3 and c N = 0) nucleotide differences are required for detecting positive and negative selection, respectively (Suzuki, 2008a; Nozawa et al., 2009) . In other words, the codon sites with (c S + c N ) < 9 and (c S + c N ) < 3 are not testable for positive and negative selection, respectively, and may be eliminated from the test to reduce n. Since the numbers of nucleotide differences required for detecting positive and negative selection may differ, the tests of positive and negative selection may be conducted separately using different α c . In the test of positive selection, the probability (p 0 ) of observing 0 synonymous and (c S + c N ) nonsynonymous differences or more biased values is computed at each codon site as indicated above. The codon sites are ranked (r) according to p 0 in ascending order, and those with p 0 < α/r are considered to be detectable as positively selected with correction. The test is conducted only for these (n c ) sites; positive selection is inferred when p < α c (= α/n c ) and d S < d N . Negative selection can be inferred in a similar manner.
Single-site analysis of natural selection: interiorexterior test In the phylogenetic tree of individuals sampled from a population, advantageous and deleterious mutations tend to be accumulated on the branches more proximal and distal to the root, respectively (McDonald and Kreitman, 1991) . Therefore, d N /d S for proximal branches may be greater and smaller than that for distal branches at the codon sites under positive and negative selection, respectively. Since interior branches are usually more proximal than exterior branches in the phylogenetic tree, positive and negative selection may be inferred when d N /d S for the former branches is greater and smaller than that for the latter branches, respectively (Pybus et al., 2007 It should be noted that the χ 2 value may be unreliable when the expected value is < 5 for any class (Sokal and Rohlf, 1995) . In this case, 
Single-substitution analysis of natural selection
The fitness effect of amino acid substitutions may be advantageous, deleterious, or neutral. Under the assumption that natural selection operating at each amino acid site did not change to any large extent during evolution, which may be the case for human H3N2 virus with relatively short evolutionary history after transmission into the human population, the fitness effect of reverse substitutions may be deleterious, advantageous, and neutral if that of original substitutions was advantageous, deleterious, and neutral, respectively (Bazykin and Kondrashov, 2011) . Therefore, natural selection operating on single amino acid substitutions may be inferred by detecting natural selection operating on reverse substitutions; positive, negative, and no selection are inferred for original substitutions when negative, positive, and no selection are detected for reverse substitutions, respectively (two-tailed test). If the fitness effect of original substitutions is assumed to be only advantageous or neutral (McDonald and Kreitman, 1991), positive and no selection are inferred for original substitutions when negative and no selection are detected for reverse substitutions, respectively (one-tailed test). The two-tailed test is adopted in the present study.
For examining natural selection operating on the amino acid substitutions generating N-linked glycosylation sites in HA, natural selection operating on reverse substitutions was inferred by comparing the rate of this substitution (r Nrev ) with r S , focusing on the branches where the ancestral amino acid was the substituted form in the phylogenetic tree. For example, if an amino acid substitution D → N generated an N-linked glycosylation site, r S and r Nrev (causing N → D) were compared at the codon site using the branches where the ancestral amino acid was N. The numbers of reverse nonsynonymous differences (c Nrev ) and sites (s Nrev ) were computed in a similar manner to the computation of c N and s N . The null hypothesis of no selection for reverse substitution (d S = d Nrev ) was tested with correction in a similar manner to the comparison of d S and d N . Although the single-substitution analysis is conceptually different from the single-site analysis, they are methodologically similar to each other. It has been shown that the latter analysis is generally conservative and reliable in the computer simulation and real data analysis (Suzuki and Gojobori, 1999; Suzuki, 2004a Suzuki, , 2007 . It should be noted that in the single-substitution analysis, positive selection for original substitutions can be detected even when the number of (reverse) nonsynonymous substitutions is 0.
RESULTS

Identification of amino acid substitutions generating N-linked glycosylation sites
When the phylogenetic tree was constructed for HA of 2,043 human H3N2 viruses and a duck H3N8 virus with the p distance and the ancestral sequences were inferred at interior nodes, N-linked glycosylation sites were observed in some sequences of the human lineage at amino acid sites 6, 7, 8, 22, 38, 45, 276, 278, 285, 483, and 498 in the fibrous stem and at sites 63, 81, 122, 126, 133, 144, 165, 171, and 246 (Table 1) .
Single-site analysis of natural selection The singlesite analysis of natural selection using the d N -d S test and the interior-exterior test was conducted for the amino acid sites where the substitutions generating N-linked glycosylation sites were observed, as indicated above. No site was inferred as positively or negatively selected by either test (Table 1) . Natural selection was not detected even when the c S , c N , s S , and s N values for these sites were combined to increase the sensitivity of the tests. To examine the property of the amino acid sites that are identified as positively selected by these tests, the tests were performed using all sites of HA. Although the interior-exterior test failed to detect natural selection at any site, the d N -d S test identified negative selection at many sites and positive selection at sites 53 and 138, which were antigenic sites included in epitopes C and A, respectively. When nonsynonymous substitutions were divided into conservative and radical substitutions according to whether they retain or alter the charge of amino acids, positive selection was inferred to have operated on conservative and radical substitutions at sites 138 and 53 by the d N -d S test, respectively.
Single-substitution analysis of natural selection
The single-substitution analysis of natural selection was conducted for the amino acid substitutions generating Nlinked glycosylation sites, as identified above. Specifically, natural selection was examined for the reverse substitutions, N → D at amino acid site 63, S → G at site 124, N → D and N → T at site 126, N → D at site 133, N → D, N → I, and N → T at site 144, T → K at site 173, and S → N and T → N at site 248, focusing on the branches where the ancestral amino acid was the substituted form in the phylogenetic tree. No selection was inferred for each of the reverse substitutions. However, negative selection was detected when the c S , c Nrev , s S , and s Nrev values for these substitutions were combined ( Table 1 ), suggesting that the original amino acid substitutions generating Nlinked glycosylation sites were positively selected.
Similar results were obtained when all of the above analyses were repeated using the phylogenetic tree constructed with the MCL distance (data not shown). Although it was possible that the mutation bias affected the results of single-substitution analysis, negative selection for the reverse substitutions was also identified when the pattern of nucleotide substitution obtained from the analysis of PB2 (Rabadan et al., 2006) was used (data not shown).
DISCUSSION
Positive selection for gains of N-linked glycosylation sites In the single-substitution analysis of HA for human H3N2 virus, positive selection was detected for the amino acid substitutions generating N-linked glycosylation sites. However, all of the sites where these substitutions occurred were antigenic sites and some of the substitutions increased the positive charge of HA, which can also be the target of positive selection (Suzuki, 2006; Hensley et al., 2009) . Nevertheless, the effect of antigenic variation at these sites may be shielded by the Nlinked glycans attached to the newly generated and closely located N-linked glycosylation sites (Skehel et al., 1984; Jackson et al., 1994; Tsuchiya et al., 2002; Das et al., 2010; Wei et al., 2010; Wanzeck et al., 2011) , and the effect of increment of positive charge by some of these substitutions may be cancelled by the increment of negative charge in the sialic acid or sulfuric acid, which may be added to the N-linked glycans (Spiro and Spiro, 2000) . Therefore, positive selection appears to have operated for gains of N-linked glycosylation sites.
The N-linked glycans of HA are involved in several functions, such as folding of ectodomain, fusion activity of HA, shielding of antigenic sites, proteolytic activity of HA, recognition by collectins, and receptor binding, as discussed above. However, since most of the gains of Nlinked glycosylation sites apparently occurred around the receptor-binding pocket in the three-dimensional structure of HA (Abe et al., 2004; Kobayashi and Suzuki, in preparation) , it is likely that positive selection has operated on shielding of antigenic sites or receptor binding. It should be noted that the number of N-linked glycosylation sites has increased only in the influenza A viruses circulating in human. In particular, the number stayed constant in influenza A viruses circulating in swine, which apparently expresses similar distributions of the receptors with sialic acid α2,3-galactose and α2,6-galactose linkages in organs (Nelli et al., 2010; Sriwilaijaroen et al., 2011) , but weaker immune responses against influenza A viruses (Nerome et al., 1995) compared with human. These observations suggest that the target of positive selection was not the receptor binding but the shielding of antigenic sites by the gains of N-linked glycosylation sites in human H3N2 virus.
It has been proposed that the gain and loss of N-linked glycosylation sites may not have been involved in antigenic changes of HA in human H3N2 virus, because the gain and loss were not found to be coincided with the transition of antigenic clusters (Smith et al., 2004) , as well as the increase in the rate of change in the substitution pattern at amino acid sites (Blackburne et al., 2008) . However, the existence of antigenic clusters in human H3N2 virus itself has been questioned (Shih et al., 2007; Suzuki, 2008b; Bhatt et al., 2011) . In addition, the antigenic change appeared to occur continuously even within antigenic clusters (Suzuki, 2008b) . Therefore, the gains of N-linked glycosylation sites may be involved in antigenic changes of HA in human H3N2 virus.
Properties of single-site analysis and singlesubstitution analysis In the study of natural selection for HA of human H3N2 virus, the single-site analysis failed to detect positive selection at the amino acid sites where the substitutions generating N-linked glycosylation sites were observed, but identified positive selection at antigenic sites. In contrast, the single-substitution analysis succeeded in detecting positive selection for the amino acid substitutions generating N-linked glycosylation sites. At the antigenic sites, positive selection is considered to operate recurrently, so that the virus can escape from immune responses continuously (Suzuki, 2008b) . Many amino acid substitutions may be accumulated at the antigenic sites, and the excess of nonsynonymous substitutions over synonymous substitutions is detected as the signature of positive selection by the single-site analysis. In contrast, positive selection for gains of N-linked glycosylation sites is considered to be directional. Once a substitution generating an N-linked glycosylation site occurs, further substitutions may be suppressed at the site, so that the advantageous effect of shielding antigenic sites is maintained unless natural selection changes. The suppression of further amino acid substitutions, especially that of the reverse substitution, is detected as the signature of positive selection for the original substitution by the single-substitution analysis.
These observations indicate that the single-site analysis is suitable for detecting recurrent natural selection (Suzuki, 2010) , whereas the single-substitution analysis is suitable for detecting episodic natural selection.
In the single-site analysis, the d N /d S test appeared to be more efficient than the interior-exterior test in detecting natural selection. This is partly because in the latter test the c S and c N values were divided into c Sint , c Sext , c Nint , and c Next at single codon sites, which may be too small for obtaining statistical significance. It should also be noted that in the interior-exterior test the difference in the d N /d S value between interior and exterior branches can occur not only when positive or negative selection operated but also when natural selection was weakened or strengthened during evolution.
Antigenic drift is not a by-product of the evolution of receptor binding avidity In the single-site analysis of HA for human H3N2 virus, the number of amino acid sites identified as positively selected was only 2, which appeared to be relatively small compared with the envelope glycoproteins of other viruses, such as hepatitis C virus (HCV) and human immunodeficiency virus type 1 (HIV-1) (Suzuki and Gojobori, 2001; Yang et al., 2003) . This is probably because the antigenic sites, which are usually the targets of positive selection, were shielded from immune responses by N-linked glycans after the gains of N-linked glycosylation sites in HA of human H3N2 virus, although N-linked glycans are also known to be attached to the envelope glycoproteins of HCV and HIV-1 (Zhang et al., 2004) . In fact, a reduction in d N /d S has been observed at the antigenic sites of HA that are likely to be shielded by N-linked glycans after the gains of N-linked glycosylation sites during evolution of human H3N2 virus (Kobayashi and Suzuki, in preparation) .
Although influenza A virus was believed to escape from immune responses by changing the antigenicity gradually through mutations at antigenic sites (antigenic drift) and abruptly through reassortment of genomic segments encoding HA and NA (antigenic shift), it was proposed that the antigenic drift is a by-product of repeated natural selection for increased and decreased receptor binding avidity of virus in immune and naïve individuals, which is caused by the amino acid substitutions increasing and decreasing the positive charge of HA, respectively (Hensley et al., 2009) . The receptor binding avidity of virus was considered to be positively correlated with the positive charge of HA, because the sialic acid receptor and the host cell membrane are negatively charged. According to this hypothesis, it is expected that positive selection has operated only on the radical substitution in terms of the charge of amino acids at antigenic sites. However, in the single-site analysis of HA for human H3N2 virus, positive selection was identified not only on the radical substitution but also on the conservative substitution at antigenic sites, suggesting that the antigenic drift is not a byproduct of the evolution of receptor binding avidity of HA, but the evolutionary mechanism of influenza A virus where amino acid substitutions inhibit recognition of antigenic sites by immune responses.
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